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A small-angle X-ray scattering (SAXS) study was carried out to investigate the morphology of blends of 
poly(e-caprolactone) (PCL) and polystyrene oligomer (PSO) when the former component was crystallized. 
This PCL-PSO system shows an upper critical solution temperature type of phase diagram. For blends with 
~bpc L < 0.8 (tkPCL is the weight fraction of PCL), the scattering observed is the superposition of the intensities 
arising from the crystalline region (made up by alternate stacking of lamellae and thin amorphous layers) and 
from the inhomogeneity in the system (due to the crystalline regions and the amorphous domains). For blends 
with ~bpc L > 0.8, only scattering from the crystalline region was observed. From the SAXS curve, the lamella 
thickness 1¢, the amorphous layer thickness la and the linear crystallinity X¢ of the crystalline region were 
obtained on the basis of the Hosemann-Tsvankin model. The value of Ic was 5.5 nm independent of 
composition, while la and Zc were 8.1 nm and 0.4 for blends with thPCL<0.8 but varied linearly with 
composition for blends with ~bPCL > 0.8. These parameters were also studied by the correlation function from 
Vonk's model. 
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INTRODUCTION 

Morphology observed in polymer blends has been 
attracting much attention because it has a great influence 
on various properties of materials 1. The morphology 
is organized mainly by two factors, liquid-liquid phase 
separation between components and crystallization of the 
components. 

Recently, extensive theoretical and experimental 
studies on the process of liquid-liquid phase separation 
have been carried out 2-8 and have elucidated the 
mechanism of phase separation, in particular that of the 
early stage of spinodal decomposition. The morphology 
of crystallization has also been studied by many 
authors9-17. The morphological study was pioneered by 
Ong and Price 9 on a blend of poly(e-caprolactone) (PCL) 
and poly(vinyl chloride) (PVC). The morphology of the 
same system was further studied by Khambatta et al. 1° 
mainly by the small-angle X-ray scattering (SAXS) 
technique. Similar studies were extended to blends of 
poly(2,6-dimethylphenylene oxide)-isotactic polys- 
tyrene ~1, isotactic polystyrene-atactic polystyrene 12, 
poly(vinylidene fluoride)-poly(methyl methacrylate) ~3, 
and so on. In these studies, compatible blends at a 
temperature above the melting points of the components 
were used, because phase separation followed by 
crystallization of one component will bring an additional 
complexity to the morphology. Hirata and Kotaka ~a 
studied by thermal and dynamical analyses the effect of 
lower critical solution temperature (LCS T) behaviour on 
the morphology and properties of blends of 
poly(vinylidene fluoride) (PVF2) and poly(methyl 
methacrylate). They showed that the LCST type of phase 

separation has a significant effect on the final morphology 
yielded by a subsequent crystallization of PVF 2. 

The purpose of this study is to investigate the effect of a 
coexistence curve of liquid-liquid phase separation in a 
polymer blend on the morphology when one component 
is crystallized, mainly using the SAXS method. A blend of 
poly(e-caprolactone) (PCL) and polystyrene oligomer 
(PSO) was used for which an upper critical solution 
temperature (UCST) type of phase diagram was recently 
reported by Watanabe et al. 19. 

EXPERIMENTAL 

Materials and sample preparation 
Poly(e-caprolactone) (PCL) supplied from Scientific 

Polymer Products Inc. was fractionated with benzene- 
methanol. The weight-average molecular weight h4, and 
the ratio of A,I, to number-average molecular weight/~/n 
determined by a gel permeation chromatography 
(Mw/M~) were 13 700 and 1.44, respectively. Polystyrene 
oligo_mer (PSO) was supplied from Toyo Soda Co.; Mn 
and M,/Mn were stated to be 950 and 1.13, respectively. 

Blends of various compositions were prepared. First, 
appropriate amounts of PCL and PSO were dissolved in a 
common solvent, benzene, at a total concentration less 
than 15 Wt~o. Then the solution was cast on a glass plate 
and the solvent was evaporated at 80°C for 40 h. The 
blends were kept at a temperature above the melting point 
of PCL (Tm=60°C) to prevent crystallization of PCL 
before use. 
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Cloud point 
The cloud point was determined by measuring the 

change in intensity of He--Ne laser light transmitted 
through 1 mm thickness of the blend 2°. The temperature 
Tp(R) at which the blend began to get turbid when cooled 1 
at a rate R was measured for various R ranging from 0.1 to 0.952 

0.900 
1.0°Cmin -~. The cloud point temperature Tp was 0.850 
determined by extrapolating to R=0.  0.801 

0.746 
Differential scanning calorimetry 0.700 

D.s.c. measurement was carried out to obtain the 0.6oo 0.553 
crystallinity of the blend and the melting temperature of 0.501 
PCL in the blend. The blends, first annealed at 120°C for 0.452 
3 h and then crystallized at 26.5°C for 20 h, were heated at 0.204 
a rate of 10°C min-~. 

Small-angle X-ray scattering 
SAXS measurement was carried out using an Anton 

Paar  small-angle camera equipped with a Kratky 
collimation system and a step scanning scintillation 
counter. The radiation used was CuK~ (2= 1.542 A) 
monochromatized by a Ni filter, a pulse-height analyser 
being used. The widths of the entrance and counter slits 
were 100 pm and 75 pm, respectively, and the distance 
between the sample and the plane of registration was 
21.0 cm. 

The correction for finite slit width and length was 
carried out by Glatter's method 22 to obtain the 
desmeared SAXS intensity I~,s. The background intensity 
/back, which represents the deviation from Porod's law, was 
estimated by the relation 2~ 

l~,s(S) = As- 4 +/back (l) 

in an intermediate range of s, where s is (2sin0)/2,20 is the 
scattering angle, and A is a constant. Then the intensity 
corrected for background, Iae,, was obtained by 
subtracting /back from I~s. After extrapolating the 
corrected intensity to smaller and wider angles by 
Guinier's and Porod's laws, respectively, the one- 
dimensional correlation function V(x) was obtained by the 
relation 

co 

f s2ld~ cos(2rcxs) ds 
~ , (x )  = o 

f salaes ds 
0 

(2) 

The crystallization conditions of the blends used for the 
SAXS measurement are shown in Table I. All samples 
were heated at above 100°C for 3 -5h  to yield a 
homogeneous state. Phase separation was carried out 
subsequently at 75°C for blends with 4~PCL<0.6. All 
samples were crystallized at 26.5°C for 20 h, which is long 
enough to ensure the completion of the crystallization of 
PCL 2a. 

Data analysis 
The alternate stacking of crystalline and amorphous 

layers usually observed in crystalline polymers, which will 
henceforth be referred to as the 'crystalline region', can be 
characterized by a set of parameters 24 such as lamella 

Table 1 Crystallization condition of the blends used for SAXS 
measurement 

~PCL Inital state Phase separation Crystallization 

IO0°C, 3 h - 26.5°C, 20 h 
IO0°C, 3 h - 26.5°C, 20 h 
IO0°C, 3 h - 26.5°C, 20 h 
IO0°C, 3 h - 26.5°C, 20 h 
IO0°C, 3 h - 26.5°C, 20 h 
IO0°C, 3 h - 26.5°C, 20 h 
lO0°C, 3 h - 26.5°C, 20 h 
IO0°C, 3 h - 26.5°C, 20 h 
130°C, 5 h 75°C, 24 h 26.5°C, 20 h 
140°C, 5 h 75°C, 3 h 26.5°C, 20 h 
160°C, 5 h 75°C, 24 h 26.5°C, 20 h 
170°C, 5 h - 26.5°C, 20 h 

thickness It, amorphous layer thickness la, their 
distributions tic and ft,, and so on. In both the SAXS 
intensity curve and the correlation function, these 
parameters are determined so that the theoretical 
function derived from the appropriate model reproduces 
the experimental results satisfactorily. In this study, the 
Hosemann-Tsvankin model 25 was used for the 
theoretical calculation of SAXS intensity curves, and the 
Vonk model 26 was used for the estimation of the one- 
dimensional correlation function. 

The scattering intensity i(s) for the one-dimensional 
model of Hosemann-Tsvankin is given by 25 

1 (1 
i(s)=2_~_~sz {Re( N -fc)(l-fa)'~l_f~] 

1 2 

where Z(s) is a transition term, N is the mean number of 
stacks of lamellae within a crystalline region, andf~ andf .  
are the Fourier transforms of the thickness distribution 
functions he(x) and ha(x) of the crystalline and amorphous 
layers, respectively. Functions hc(x ) and ha(x) were 
assumed to be Gaussian, namely 

1 exp( (x-lc)2"~ 
he(x) = flc(27r),/2 ffl~ -] (4) 

1 
ha(x)- f l a ~ e X p (  (X--la)2"~-fl} j (5) 

The transition term Z(s) introduced by Tsvankin 27 is 

Z(s) = 2-~2E11 - exp( - 2nisE)[ z (6) 

where E is the thickness of the transition zone between the 
crystalline and amorphous layers. Six parameters (It, la, tic, 
fl,, N and E) were determined by fitting i(s) (equation (3)) 
to sela~s . The parameters that are more sensitive to i(s), and 
therefore can be determined accurately, are It, la and N. 

In the case of the Vonk model 26, if the same distribution 
functions hc and ha (equations (4) and (5)) as for the 
Hosemann-Tsvankin model are assumed, the correlation 
function y(x) is 

co  

Zc 1 
?(x) = 1 - - ~ ( ~ 2 f  (xc-x)hc(xc)dx~+ Pcac + P~¢~ + - . - - - 1 )  

o (7) 
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where Xx is the linear crystallinity defined as X~ = lj(lc +/a) 
and the terms P~ .... indicate convolution produces of the 
type qchahc.., q~ in which oo gl 

q~(x) = i h:(xc) dxJz c 
x 

Four parameters, l~, l,, tic and fla, were determined by the 
fitting procedure and from the long period L (--l~ +/a) 
determined from the first maximum of the experimental 
correlation function. The fitting was made by the Gauss- 
Newton method. 

RESULTS AND DISCUSSION 

Figure 1 shows the cloud point and melting point curves 
thus obtained. The cloud points could not be obtained in 
the vicinity of t~PCL--0.2 because the decomposition of 
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Figure 1 Cloud points (0)  and melting points (7]) in the PCL-PSO 
blend 
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Figure 2 Experimental SAXS curves from the blends with various compositions, corrected for slit-smearing effects and the background factor. 
Numerals in the figure represent the weight fraction of PCL in the blend 
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PCL took place during annealing at a temperature above 
170°C. The cloud point curve is expected to have a 
maximum at about (])aCE = 0.2. The melting point curve is 
slightly lowered as the PCL content decreases and 
intersects with the cloud point curve at t~PCL=0.6. For 
compatible blends, a large depression was observed ~ 3 and 
a large negative interaction parameter is derived 
according to the Flory-Huggins theory. A small 
depression in this case means that the interaction between 
components is not so large compared to compatible 
blends. 

The SAXS intensity curves desmeared by Glatter's 
method 22, Ides, and those corrected by the Lorentz 
factor 2a, S2ldes, are shown in Figures 2 and 3, respectively. 
The Lorentz-corrected SAXS curves obtained from 
blends with (j~PCL>0.8 (Figure 3a) have a peak and the 
corresponding wavenumber decreases with decrease of 
PCL content in the blend. The SAXS curves from blends 
with ~OCL<0.8 (Figure 3b), however, have a large 

scattering at smaller angles besides the peak at 
s~7  x 10 -2 nm -1. The scattering at smaller angles is 
more marked for blends with smaller ~bPCL. The 
correlation functions derived for blends with ~beCL > 0.8 
are shown in Figure 4. The long period L obtained from 
the peak obviously becomes larger with decrease in PCL 
content in accordance with the result shown in Figure 3a. 

The peaks at s=(6-8)x 10 -2  nm-1 (in Figure 3) are 
considered to arise from the crystalline region, which 
means the region of alternate stacking oflamdlae and thin 
amorphous layers as usually observed in crystalline 
polymers. The scattering observed for blends with 
(baCL~0.8 is considered to be the superposition of 
intensities arising from the crystalline region and from the 
inhomogeneity in the whole system, made up of the two- 
phase structure (one is the crystalline region and the other 
will be the amorphous domain existing outside the 
crystalline region in the blend). For blends with ~bpc L > 0.8, 
scattering from the crystalline region is mainly observed, 

a 
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Figure 3 Lorentz-corrected SAXS curves for the desmeared SAXS curves in Figure 2 
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which suggests that the system will be solely made up of 
crystalline regions. 

The Debye-Bueche relation is generally applicable to 
the scattering intensity from the electron density 
fluctuation of inhomogeneous systems. The intensity I(s) 
is given by 29 

I(s) = 8n(~/2)¢3/(1 q- 4nZS2¢2) 2 (8) 

where (172) is the mean-square density fluctuation in the 
system and ¢ the correlation length of the fluctuation. 
Equation (8) can be rewritten as 

1 4jZ2¢2S 2 1 
(9) [l(s)] 1f2 (8~<~]2>¢3) 1/2 (8~<p]2>¢3) 1/2 

For scattering from the inhomogeneous system with 
correlation length ~, "/'rest/r1/2 is linear when plotted against 
s 2, and ¢ can be estimated from the slope and the intercept. 
Figure 5 shows that plots of -/-d~t/rl/2 against s 2 for blends 
with @PCL < 0.8 are nearly linear at smaller s and deviate 
significantly from linearity at larger s. The deviation is 
caused by the addition of the scattering from the 
crystalline region. This is also understood by the fact that 
the linearity continues to larger s as q~PCL decreases. So, the 
linearity at smaller s represents scattering due to the 
inhomogeneity of the system. Thus, Figure 5 shows that 
besides the crystalline region there exist amorphous 
domains and the scattering intensity observed in Figures 
2b and 3b (except that from the crystalline region) is 
described by the Debye-Beuche relation. The larger 
scattering from the inhomogeneity of the system at 
smaller (~PCL suggests that the content of amorphous 
domain increases as (])Pce decreases. The correlation 
length ¢ derived from Figure 5 is shown as the open circles 
in Figure 6, together with that obtained directly by fitting 
the sum of the theoretical intensities i(s) and S2I(s) of 
equations (3) and (8) to the experimental intensity S2Idos 
(full circles). Regardless of the bulk composition, ¢ is 
about 11.0 nm within experimental error. 

SAXS study of blends of PCL and PSO. S. Nojima et al. 

In order to obtain the parameters characterizing the 
crystalline region for blends with @PCL<0.8, the 
theoretical intensity must include the scattering from the 
inhomogeneity of the system, for which the Debye- 
Bueche relation (equation (8)) was used in this study. So, 
the measured intensity was fitted to the sum of equation 
(3), of which the first term corresponds to the zero-order 
scattering of the crystalline region, and equation (8), 
where ~ obtained from Figure 5 was used and the 
coefficient of the intensity in equation (8) was taken as 
another parameter in the fitting procedure. As the PSO 
content increases, the scattering intensity at smaller 
angles becomes stronger and the residual scattering from 
the crystalline region becomes more ambiguous. 

The fitting procedure of the theoretical intensity i(s) 
derived from the Hosemann-Tsvankin model to the 
experimental SAXS curve SZlde+ for the blend with 
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~bPCL =0.9 is shown as an example in Figure 7, and that of 
the theoretical correlation function derived from Vonk's 
model in Figure 8. In Figure 9 are shown the composition 
dependences of lc, la and L obtained from the fitting of the 
Hosemann-Tsvankin model to the experimental SAXS 
curve. The value of lc is about 5.5 nm regardless of 
composition. However, la and L increase with decrease in 
the content of PCL until ~bpcL reaches about 0.8 (denoted 
as ~b* hereafter). For  blends with ~PCL<~ *, the two 
parameters are roughly constant, the mean values being 
l~ = 8.1 nm and L = 13.6 nm. Figure 10 shows Zc = lj(lc +/a) 
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~PCL 
F i g u r e  1 0  Composition dependence of linear crystallinity Zc obtained 
from fitting the SAXS curve (O, C)) and the one-dimensional correlation 
function ( l ,  [~). Full symbols indicate that the scattering intensity from 
the amorphous region is subtracted beforehand from the measured 
intensity. The bold line represents the bulk crystailinity obtained from 
d.s.c, measurements 

obtained from the Hosemann-Tsvankin and Vonk 
models. It is clear that the composition dependence of Xc 
also changes at q~*. The bold line in the figure represents 
the composition dependence of the bulk crystallinity 
derived from the d.s.c, measurement, which decreases 
linearly with q~PCL. 

The fact that la and Zc vary for blends with ~b* < q~PCL ~< 1 
means that the amorphous component, PSO, is 
incorporated in the amorphous layer of PCL and this 
causes an increase in la with increase of PSO content. This 
situation may be similar to the case of compatible blends 
of poly(e-caprolactone)--poly(vinyl chloride) studied by 
Khambatta et al. 1° and poly(2,6-dimethylphenylene 
oxide)-isotactic polystyrene studied by Wenig 11. Stein et 
al. 14 explained that such a situation will be met if the 
distance of movement of the amorphous component 
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during crystallization is sufficiently shorter than the 
interlamellar distance. On the other hand, the 
morphology of the crystalline region for blends with 
~bpCL<0.8 remains constant, that is It, l~ and Xc do not 
change with composition in contrast with the bulk 
crystallinity. So, these results suggest that there are 
amorphous domains outside the crystalline region. This 
situation is similar to the morphology observed in a blend 
of isotactic polystyrene (i-PS) and atactic polystyrene (a- 
PS) studied by Warner et al: 2, where slow crystallization 
ofi-PS is considered to be responsible for the organization 
of the morphology. 

In PCL-PSO blends, the morphology formed at 
various compositions will also be explained by the phase 
separation between components. The crystallization of 
PCL ejects PSO to the amorphous layers between 
lamellae. For blends with ~b*<tPVCL~< 1, although the 
amorphous layer accommodates the excluded PSO, the 
PCL content of this amorphous layer still remains higher 
than 0.6, so that the amorphous layer is 
thermodynamically stable. The system is constituted from 
the crystalline region made up oflamellae (pure PCL) and 
amorphous layers (PCL+PSO), and l~ increases with 
decrease of tPPCL as observed in Figure 9. For blends with 
0.6 < ~bpCL < ~b*, the crystallization of PCL brings about a 
decrease of PCL content in the amorphous layer between 
lamellae to tPpcL < 0.6. So with the crystallization of PCL 
the amorphous layer becomes thermodynamically 
unstable and undergoes phase separation if the phase 
diagram obtained for bulk blends (Figure I) is also valid 
for the micro-amorphous layer. This phase separation in 
the amorphous layer produces two amorphous phases: 
one exists as the amorphous layer between lameUae with 
~bpCL ~0.6 and the other has the composition of nearly 
pure PSO. Because of large mobility due to the small 
molecular weight of PSO, the latter goes outside the 
crystalline region to form the amorphous domain. So, the 
composition of the amorphous layer between lamellae 
and therefore la is roughly constant regardless of qSvc L, as 
observed in Figure 9. The composition of the amorphous 
domain may also be constant regardless of ~PCL. Thus, the 
system is considered to be a two-phase structure made up 
of the crystalline region and the amorphous domain. The 
ratio of amorphous domain to crystalline region increases 
with decrease of ~Dp(- L. For blends with ~PCL <0.6, where 
phase separation has taken place before the temperature 
reaches T~, a heterogeneous structure composed of two 
phases with t~PCL~0.6 and ~bPCL,~0 prevails before the 
beginning of crystallization of PCL. Crystallization of 
PCL in the PCL-rich phase yields a PSO-rich domain 
(amorphous domain) also. In both cases with 
0.6<t~pcL<~b* and t~PCL<0.6 , nearly pure amorphous 
PSO domain is formed outside the crystalline region and 
the inhomogeneity of the system brings about large 
scattering at smaller s as observed in Figures 2 and 2. 

SAXS study of blends of PCL and PSO: S. Nojima et al. 

The characteristic composition th* at which the 
composition dependence of l~ and Zc changes is expected 
to depend on the location of the coexistence curve, 
because ~b* is affected by the composition at which phase 
separation begins in the amorphous layer between 
lamellae. This study shows that the existence of the UCST 
type of phase diagram seriously affects the morphology 
observed when one component crystallizes. 
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